Abstract. Glioblastoma multiforme (GBM) is one of the most lethal types of tumour, despite severe treatment methods. The Cancer Genome Atlas has categorised GBMs into proneural, neural, classical and mesenchymal subtypes; the mesenchymal subgroup has the worst prognosis. CXCR4 has been reported as selectively overexpressed in the mesenchymal subtype and positively associated with MES markers. However, to the best of our knowledge the underlying mechanisms regarding how CXCR4 may regulate mesenchymal GBM are still unknown. The present study aimed to investigate the critical pathways mediated by CXCR4 in mesenchymal GBM using bioinformatic analyses. The results suggested that CXCR4 is a predictor of poor prognosis and may serve as a biomarker of the mesenchymal subtype in patients with GBM. In addition, CXCR4 mediated the mitogen-activated protein kinase signaling pathway, which was identified specifically in patients with mesenchymal GBM. CXCR4 associated genes or pathways may be a 'basket trial' option for the management of melanoma, prostate cancer and mesenchymal GBM.
Introduction
Glioblastoma multiforme (GBM) is the most common malignant tumour of central nervous system (CNS), and it currently remains incurable. Despite drastic treatment methods, including maximal safe resection followed by radiotherapy in combination with temozolomide, the patient survival rate has not effectively improved, with a 5-year survival rate of only 5.5% being observed (1, 2) . Therefore, more refined studies are vital to elucidate the potential mechanism of therapeutic tumourigenesis and resistance of this malignancy.
In the previous classification scheme of gliomas, GBM were commonly diagnosed as astrocytomas or oligodendrogliomas based on their morphological resemblance and further distinguished by malignant grades (I to IV) according to cellular features (proliferation, angiogenesis and necrosis) (3). However, this partition method is highly subjective and inconsistent in its designation in glioma subtypes and grades (4) . In addition, the pathological criteria diagnosis of gliomas especially GBMs, which has caused artificial heterogeneity and complexities in investigations, did not bring valid effects to our clinical management (5) . Recent studies focused on the molecule-based GBM classification which benefited from the availability of the datasets generated by The Cancer Genome Atlas (TCGA) workgroup have established the groundwork for a better understanding of the etiology and improved personalized therapy for subgroup patients (6) (7) (8) (9) . In 2016, the new WHO classification of diffuse gliomas was refined, and formally brought the histomolecular conception into our sight for the first time, which incorporated 1p/19q codeletion, IDH1/2 mutation, and histone H3-K27M mutation into previous diagnostic criteria (10) (11) (12) .
Because of robust gene expression, TCGA classified GBMs into four subtypes: proneural, neural, classical and mesenchymal. Each subtype differs greatly in terms of its cellular features, genetic contexts and signalling pathways involved (7) . Due to a more aggressive biological nature and higher overall fraction of necrosis evident in these tumours, the mesenchymal group is usually placed in a more malignant base (7, 13) . It is proposed that not a single molecule but the alterations of a small regulatory module can induce and maintain a specific phenotypic state in glioma cells (14) . For instance, the activation of a small group of hub genes may facilitate mesenchymal transformation, which is characterized by extensive necrosis, angiogenesis, and an enhanced inflammatory/immune response (15, 16 CXCR4, a cell surface chemokine receptor, is involved in many cell fate decisions, such as growth, invasion, angiogenesis and metastasis in a wide range of malignant cancers, including leukaemia, breast cancer and, recently, in glioma (17) (18) (19) . In this study, we clarified the prognosis and clinical significance of CXCR4 in glioma and observed that CXCR4 has shown to be selectively overexpressed in the mesenchymal subtype compared with other phenotypes of GBMs, which indicates that CXCR4 may participate in phenotype transformation of the mesenchymal GBMs.
Methods to classify tumours according to key molecular events that manage growth of their most aggressive cellular component and to search for the genetic alterations that accompany disease recurrence might greatly facilitate development of targeted therapies (13, 20) . In the present study, we aimed to investigate the associations and uncover the critical pathways that CXCR4 mediated in mesenchymal glioblastoma using computational methods to analyse the relationship between a wide range of expression patterns and the activation of specific hub genes or pathways.
Materials and methods
Glioma specimen and brain tissue collection. Glioma surgical specimens were collected in Tianjin Medical University General Hospital between October 2011 and November 2017 in accordance with institution-approved protocols. All patients signed and approved consent forms prior to the surgery and the study was approved by the Ethics Committee of Tianjin Medical University Hospital (Tianjin, China). These tissue samples were analyzed retrospectively in the present study. Collected specimens were split into two parts for 4% paraformaldehyde (PFA) fixation/cryo-sectioning and primary tissues culture establishment respectively. Specimens were examined by pathologists to verify tumour types and grades.
Analysis of glioma patients' survival and expression data.
Tumour gene expression and clinical data of glioma patients were retrieved from The Cancer Genome Atlas (TCGA) and French dataset which were available on R2 analysis and visualization platform (http://hgserver1.amc.nl/cgi-bin/r2/main.cgi). Patients were classified into CXCR4 low and CXCR4 high expression groups by the mean expression levels.
Differential expression genes analysis of TCGA microarray data. The gene expression profiles of TCGA were downloaded from UCSC Xena Browser (https://xenabrowser. net/heatmap/), which contains 539 GBM samples including 145 classical subtype, 158 mesenchymal subtype, 87 neural subtype and 139 proneural subtype samples. Morpheus (https://software.broadinstitute.org/morpheus/) online software was used to perform heat maps, and differential expression genes (DEGs) were determined using a threshold P-value of 0.05.
Immunohistochemistry staining. Paraffin embedded tumour tissues were sectioned at 6 µm, for immunohistochemistry After quenching the endogenous peroxidase activity and blocking with normal goat serum, sections were incubated sequentially with the primary antibodies at 4˚C overnight, the next day, after rewarming for 1 h, sections were incubated with secondary antibodies (ZSGB-Bio, Beijing, China) for 1 h at 37˚C. Immunostaining was performed using DAB kit (ZSGB-Bio), which resulted in a brown precipitate at the antigen site. Subsequently, sections were counterstained with Mayer Haematoxylin solution (ZSGB-Bio) and mounted in mounting medium. After dehydration, sections were examined using a light microscope. Protein expression levels were quantified on the basis of a multiplicative index of staining extent (0-3) and the average staining intensity (0-3). The staining score is the product of staining extent and the staining intensity.
Gene ontology and pathway enrichment analysis. DAVID database (https://david.ncifcrf.gov/) is an essential foundation for the success of any high-throughput gene functional analysis. To understand the significance of genes, we performed the Gene Ontology (GO) classification, making use of the following categories: BP_Fat (biological process), CC_Fat (cellular component), and MF_Fat (molecular function). We also performed the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis to detect the potential pathway of target genes and had the hypergeometric test with P-value <0.05. GO enrichment and KEGG pathway analysis were performed using the DAVID online tool. P<0.05 was considered to indicate a statistically significant difference.
Statistical analysis. The Kaplan-Meier survival analysis was used to estimate the survival distributions, and the log-rank test was used to assess the statistical significance between stratified survival groups using the mean value as the cut-off. The Pearson correlation array was performed to determine significant differences. One-way ANOVA was used to test for differences among at least 3 groups. The Newman-Keuls multiple comparisons test was performed after ANOVA. The t-test was used to determine differences in each 2-group comparison. All data are presented as mean ± standard error.
Results

CXCR4 is a strong predictor of poor prognosis in GBM patients.
To testify whether alterations at the genetic locus of CXCR4 could be implicated as a predictor in GBM patients prognosis. We checked CXCR4 expressions in various glioma specimens (12 normal brain tissues (NBT), 15 grade III and 20 GBMs) on a tissue array using immunohistochemistry followed by quantitation. As a result, in contrast to negligible CXCR4 expressions in NBT, profound CXCR4 expression can be seen in high grade glioma (HGG, WHO Grade III-IV) samples, especially in GBMs (WHO Grade IV) (Fig. 1A) . At the same time, CXCR4 owns a distinctly 85.7% (30/35) to 16.7% (2/12) positive expression samples between HGG and NBT (Fig. 1B) . TCGA and French datasets retrieved from the R2 genomics analysis and visualization platform also showed that compared to lower grade glioma or normal brain tissue, the highest expression levels were detected in GBMs (Fig. 1C ). TCGA and French datasets was employed to evaluate the effects of CXCR4 on overall patient survival using the KM curve. The mRNA expression levels of CXCR4 from the two databases were used to classify patients into upregulation and downregulation groups according to their mean expression values. Compared to the downregulation CXCR4 cases, patients with high levels of CXCR4 were associated with a significantly shorter overall survival time (Fig. 1D ). These data indicated that CXCR4 expression correlates with glioma grade at the protein and transcriptional level and is a strong predictor of poor prognosis in GBM patients.
CXCR4 is a clinical prognostic factor in glioma patients.
In the French glioma dataset (n=284), a high expression of CXCR4 was remarkably associated with an older age at diagnosis, shorter overall survival years, non IDH1 mutation, lower expression of PTEN, and a high expression of KI67 and EGFR amplification (Table I) . While in the TCGA's 539 GBM samples, a high expression of CXCR4 was selectively associated with a shorter overall survival and days to recurrence (Table II) . Consistent with the theory that recurrence of glioblastoma after radio-chemotherapy is associated with an angiogenic switch to the CXCL12-CXCR4 pathway (21), CXCR4
high patients experience a shorter days to recurrence. These results demonstrate that CXCR4 may be involved in the recurrence of the glioma and could be conferred as a new clinical prognostic factor of GBM.
CXCR4 is preferentially expressed in mesenchymal subtype of glioma. The Cancer Genome Atlas (TCGA) network described a robust gene expression based molecular classification. We retrieved 539 GBM samples from TCGA, including 145 classical subtype, 158 mesenchymal subtype, 87 neural subtype and 139 proneural subtype samples. One-way ANOVA indicated a markedly significant difference in CXCR4 expression between the four glioma subtypes in the TCGA datasets. In particular, CXCR4 is preferentially expressed in the mesenchymal subtype of glioma with a notable statistical significance (P<0.0001; Fig. 1E ). Similarly, to confirm the CXCR4 as a biomarker of mesenchymal subtype of glioma, we further analysed the association between CXCR4 and the mesenchymal markers such as CHI3L1 (also known as YKL40), MET, CD44, MERTK and NF-κB pathway genes (TRADD, RELB, TNFRSF1A) using a Pearson correlation array (7). Likewise, CXCR4 was positively correlated with MES markers (CHI3L1, R=0.3959; MET, R= 0.1267; CD44, R= 0.5432; MERTK, R= 0.4662; TLR2, R=0.6143; TLR4, R=0.4136; TRADD, R=0.4343; RELB, R=0.2583; TNFRSF1A, R=0.4676) (Fig. 2) . These results foreshadowed that CXCR4 acts as a marker for the glioma molecular subtype and may regulate gene expression patterns in glioma mesenchymal transition.
Selection of genes associated with CXCR4 signalling in mesenchymal subtype of GBM. To study the underlying gene and pathway pattern that CXCR4 regulated in mesenchymal glioma. First, the student's t-test was performed on the DEGs to test the difference between the mesenchymal subtype and other subtypes of glioblastoma. The differential expression was determined using a threshold P-value of 0.05, and the top 100 genes were shown in the heatmaps (Fig. 3A-C) . Next, we selected 3198 genes (Fig. 3D ) that were highly related in CXCR4 high patients (classified by the mean value of CXCR4 mRNA expression) of mesenchymal GBM, namely, CXCR4 correlated genes in mesenchymal glioblastoma (CCGIM). Therefore, we found that 4004 genes that were differentially expressed between the classical subtype and the mesenchymal subtype, 3455 genes that were differentially expressed between the neural subtype and the mesenchymal subtype and 3289 genes were differentially expressed between the proneural subtype and the mesenchymal subtype. Then, we compared the genes that were differentially expressed in mesenchymal CXCR4 high patients with the genes that were differentially expressed between mesenchymal and three other subtypes (classical, neural, proneural), which comprised 838, 1397, 1187 overlapping genes respectively (Fig. 3E-G) . Finally, we compared the abovementioned 838, 1397 and 1187 genes that overlapped between groups to identify DEGs that were specific to the mesenchymal CXCR4 high subgroup, yielding a total of 34 genes (Fig. 3H) .
Gene ontology and KEGG pathway analysis of CXCR4 associated genes in mesenchymal GBM.
We uploaded all 34 DEGs to the online software DAVID to identify overrepresented Gene Ontology (GO) categories and KEGG pathways. The GO categories and KEGG pathways were ranked by P-value, and the top 5 items were displayed in the table. GO cell component analysis displayed that CXCR4 associated genes were significantly enriched in the golgi apparatus, cytoplasmtic membrane-bounded vesicle, vacuole, golgi apparatus part and endoplasmic reticulum with a notable statistical significance of P<0.05. For biological processes (BP) CXCR4 associated genes were significantly enriched in regulation of MAP kinase activity, regulation of protein serine/threonine kinase activity, regulation of protein kinase activity, regulation of kinase activity and mitogen-activated protein kinase (MAPK) cascade, while in the GO molecular function (MF) analysis no item was involved with a threshold of P<0.05 (Table III) . Table III also contains the most significantly enriched pathways of the CXCR4 associated genes in mesenchymal GBM analyzed by KEGG analysis. The 34 DEGs were enriched in melanoma, prostate cancer, pathways in cancer, protein processing in endoplasmic reticulum and regulation of actin cytoskeleton. In collection, Gene ontology and KEGG pathway analyses demonstrated that MAPK signalling pathway is associated with CXCR4 activation in the mesenchymal subtype. Meanwhile, the activation of CXCR4 is also enriched in melanoma and prostate cancer, which demonstrated there might be a co-therapeutic target or strategies in the management of melanoma, prostate cancer and mesenchymal GBM.
Discussion
Glioblastoma is the most malignant primary tumour of the CNS with a devastating outcome. This tumour often invades healthy brain tissue leading to tumour progression or recurrence despite drastic treatments such as chemotherapy and radiotherapy (22, 23) . The classification of GBMs into classical, mesenchymal, neural and proneural subtypes based on gene expression profiles bring a new insight into understanding of the molecular mechanisms of GBM. This phenomenon is reminiscent of a newly emerging concept that differential activation of critical signalling pathways induces and maintains each subtype in cancer biology. Extensive reports suggested that CXCR4 is required for tumour proliferation, invasion, angiogenesis, modulation of the immune response and recently enriched in neural stem cells (24, 25) . In this study, we demonstrated that CXCR4 could serve as a prognostic factor in characterizing subsets of GBM, as patients with high expression of CXCR4 gliomas seem to have poorer prognosis. Additionally, CXCR4 is preferentially expressed in the MES subtype of GBM and highly consistent with MES makers such as CHI3L1 (also known as YKL40) and MET. However, little has been reported regarding about the role of activated CXCR4 in mesenchymal GBM.
In the present study, gene expression data of 539 GBM patients were retrieved from the TCGA dataset. We identified 3198 DEGs associated with CXCR4 in mesenchymal GBM, 4004 DEGs between mesenchymal and classical GBM, 3455 DEGs between mesenchymal and neural GBM, and 3289 DEGs between mesenchymal and proneural GBM. Subsequently, we intersected of the gene sets mentioned above to determine key pathways and genes in the CXCR4 mediated mesenchymal subtype of glioblastoma. As a result, 34 overlapped genes were found to be distinctively specific to the CXCR4 high group of mesenchymal patients. In addition, Gene ontology and KEGG pathway analyses were performed to compare functional annotations associated with CXCR4 signalling across the mesenchymal GBM subtype. In accordance with expectations, CXCR4 was found to be enriched in the cell component of golgi apparatus, cytoplasmic membrane, vacuole and endoplasmic reticulum. Interestingly, CXCR4 was demonstrated to be involved in the regulation of the MAPK pathway, which is reported to be associated with the many cell fate decision including Log-rank test. IDH1, isocitrate dehydrogenase 1; KPS, Karnofsky Performance Scale; MGMT, O(6)-methylguanine DNA methyltransferase; OS, overall survival; GBM, glioblastoma multiforme; TCGA, The Cancer Genome Atlas; SD, standard deviation. The level of CXCR4 was classified by the mean value. proliferation, differentiation, migration, senescence and apoptosis (26, 27) . Numerous studies investigated the linkage between CXCR4 and MAPK in a wide range of malignant tumours, covering small-cell lung cancer, breast cancer and, recently, osteosarcoma (28) (29) (30) . These studies indicated that the CXCL12/CXCR4 axis could act as a mediator to promote tumour biology through the activation of the MAPK pathway. Sun et al (31) , reported that the expression of β-arrestin2 strengthened the CXCR4-mediated activation of both p38 MAPK and ERK in HeLa cells. Rhodes et al (28) , showed that enhanced CXCR4 signalling is sufficient to drive ER-positive breast cancers to a metastatic and endocrine therapy-resistant phenotype via increased MAPK signalling. However, fewer literatures are written about the potential association between CXCR4 and MAPK pathway in the mesenchymal subtype of GBM. Our study demonstrated that the MAPK pathway may play a pivotal role in the progression of CXCR4-mediated mesenchymal GBM or the mesenchymal phenotype transition. Given the poor prognosis and aggressiveness of mesenchymal GBM, it is anticipated that these patients would benefit most from gene based chemotherapeutic strategies through targeting CXCR4/MAPK related factors.
In conclusion, our data provide a comprehensive bioinformatics analysis of CXCR4 and its DEGs, which may play a functional role in the development of GBM and the maintenance of the mesenchymal phenotype. The study also provides preliminary evidence that the CXCR4 mediated MAPK pathway was identified specifically in patients with mesenchymal GBM and CXCR4 be a co-therapeutic target in the management of melanoma, prostate cancer and mesenchymal GBM. Therefore, targeting CXCR4 and its related cooperative pathways and genes could be a promising approach for the efficient suppression or elimination of this devastating cancer.
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